The electronic and thermoelectric properties of one to four monolayers of MoS 2 , MoSe 2 , WS 2 , and WSe 2 are calculated. For few layer thicknesses, the near degeneracies of the conduction band K and Σ valleys and the valence band Γ and K valleys enhance the n-type and p-type thermoelectric performance. The interlayer hybridization and energy level splitting determine how the number of modes within k B T of a valley minimum changes with layer thickness. In all cases, the maximum ZT coincides with the greatest near-degeneracy within k B T of the band edge that results in the sharpest turn-on of the density of modes. The thickness at which this maximum occurs is, in general, not a monolayer. The transition from few layers to bulk is discussed. Effective masses, energy gaps, power-factors, and ZT values are tabulated for all materials and layer thicknesses.
I. INTRODUCTION
Semiconducting, transition-metal dichalcogenides (TMDCs) exhibit promising electronic 1-5 , opto-electronic 6 and spintronic 7 properties. Single monolayers (three atomic layers) can be either exfoliated or grown with chemically stable surfaces. The electronic, optical, and spin properties of monolayers are qualitatively different from those of the bulk. The band gap changes from indirect to direct, and the valence band edges at the K and K ′ points become spin polarized. 6,7 These materials are discussed in a number of recent reviews.
8-12
Experimental studies conducted on a different set of two-dimensional materials, namely Bi 2 Te 3 and Bi 2 Se 3 , demonstrated an improvement in their thermoelectric performance as their thickness was reduced. 13, 14 A large increase in ZT has been theoretically predicted for monolayer Bi 2 Te 3 compared to that of the bulk. [15] [16] [17] This enhancement in ZT results from the unique, step-function shape of the density of modes at the valence band edge of a single quintuple layer. 16, 17 The shape of the density of modes increases the power factor, and the increase in the power factor increases ZT. For Bi 2 Te 3 , the large enhancement in the power factor and in ZT only occurs for a monolayer. For bilayer and trilayer Bi 2 Te 3 , the step-like shape of the density of modes disappears, and the calculated values of ZT are either slightly higher 18 or slightly lower 17 than that of the bulk.
Prior experimental and theoretical investigations of the thermoelectric performance of transition metal dichalcogenides have focused on either bulk or monolayer materials. 6,19-24 .
There has not been a study of the effect of film thickness on the power factor and ZT in the transition metal dichalcogenides. It is not known whether the power factor and ZT are maximum at monolayer thickness or at some other thickness.
This work theoretically investigates the electronic properties and the thermoelectric performance of bulk and one to four monolayers of 4 different TMDC materials: MoS 2 , MoSe 2 , WS 2 , and WSe 2 . The goal is to understand how their electronic and thermoelectric properties vary with thickness. Similar to monolayer Bi 2 Te 3 , the increase in ZT for the ultrathin films results from an enhanced degeneracy or near-degeneracy of the band edges. In the TMDCs, at few layer thicknesses, different valleys become nearly degenerate with energy differences of less than k B T at room temperature. Because of weak interlayer coupling at certain valleys, additional bands from additional layers lie within k B T of the bandedges for few layer thicknesses. The increased degeneracy results in a sharper turn on of the the density of modes near the band edges. In all cases, the thickness with the sharpest increase in the density of modes has the largest value for ZT. For the semiconducting TMDCs considered
here, that optimum thickness is not, in general, a single monolayer.
II. THEORETICAL METHODS
Ab-initio calculations of the bulk and few-layer structures (one to four layers) are carried out using density functional theory (DFT) with a projector augmented wave method 25 and the Perdew-Burke-Ernzerhof (PBE) type generalized gradient approximation 26, 27 as implemented in the Vienna ab-initio simulation package (VASP). 28, 29 The vdW interactions in MoSe 2 and MoS 2 are accounted for using a semi-empirical correction to the Kohn-Sham energies when optimizing the bulk structures (optimization of WS 2 and WSe 2 structures are done at the PBE level since the semi-empirical parameters for tungsten are currently not described by the dispersion potential). 30 The Monkhorst-Pack scheme is used for the integration of the Brillouin zone with a k-mesh of 12 x 12 x 6 for the bulk structures and 12
x 12 x 1 for the thin-films. The energy cutoff of the plane wave basis is 300 eV. All of the the electronic bandstructure calculations include spin-orbit coupling. Calculations are also performed without spin-orbit coupling and the results are compared.
To verify the results of the PBE calculations, the electronic structure of 1L, 2L, 3L
and 4L MoS 2 are calculated using the much more computationally expensive hybrid HeydScuseria-Ernzerhof (HSE) functional. 31 The HSE calculations incorporate 25% short-range
Hartree-Fock exchange. The screening parameter µ is set to 0.4Å −1 .
The thermoelectric parameters are calculated from a Landauer formalism using the abinitio derived density of modes. 16, 17, 23 In the linear response regime, the electronic conductivity (σ), the electronic thermal conductivity (κ e ), and the Seebeck coefficient (S) are expressed as 32, 33 
with
where L is the device length, q is the magnitude of the electron charge, h is Planck's constant, and k B is Boltzmann's constant. The transmission function is
where M(E) as the density of modes (DOM). In the diffusive limit,
and λ(E) is the electron mean free path. When phonon scattering is dominant, the mean free path can be written as a constant, λ(E) = λ 0 . As discussed in Ref. [34] , the transport distribution, Ξ(E), arising from the Boltzmann transport equation is related to the above
The density of modes M(E) can be defined as
where d is the dimensionality of the system, L ⊥ are the dimensions of the structure perpendicular to the direction of transport (L 2 ⊥ = W x t for d = 3, L ⊥ = W for d = 2; W = width of the structure, t = film thickness), Θ is the unit step function, and k ⊥ refers to the k states in the first Brillouin zone perpendicular to the transport direction. Using Eq. (7), M(E) of any material in any dimension can be numerically evaluated from a given electronic band structure by counting the bands that cross the energy of interest. The density of modes calculations are performed by integrating over the first Brillouin zone using a converged k point grid (51 x 51 x 10 k points for the bulk structures and 51 x 51 x 1 for the thin films).
We account for carrier scattering within each structure by fitting our calculated bulk electrical conductivity with bulk experimental data. An electron mean free path of λ 0 = 14 nm gives the best agreement with experimental data on the Seebeck response of bulk MoS 2 as a function of the electrical conductivity. 35, 36 The bulk p-type electrical conductivity of MoS 2 at room temperature was reported to be 5. here. With the above quantities in hand, the power factor, S 2 σ, and the thermoelectric figure of merit ZT = S 2 σT /(κ l + κ e ) are determined.
III. RESULTS
All of the thermoelectric parameters are derived from the calculated electronic bandstructures. Therefore, we begin this section with a discussion of the calculated bandstructures.
The bandstructure calculations produce considerably more information than is required for calculating the thermoelectric parameters. To preserve that information and contribute towards a database of material parameters, extracted properties such as effective masses and energy gaps at high symmetry points are tabulated. Tables II and Table III. Table II gives the relative effective masses, and However, the PBE bandgap is large enough compared to the temperatures considered that the exact magnitude of the bandgap has no effect on the thermoelectric parameters. An explicit comparison of the electronic structure and the thermoelectric parameters calculated from the PBE and the HSE functionals for 1L -4L MoS 2 is given below.
Calculation of the thermoelectric parameters requires the density of modes extracted from the electronic bandstructure using Eq. (7). Figure 2 shows the density of modes versus energy for bulk, 1L, 2L, 3L, and 4L MoS 2 , MoSe 2 , WS 2 , and WSe 2 . To compare the density of modes of the bulk structure with the thin-film structures, we divide the density of modes of the thin-film structures by their respective thickness, t. As will be shown, for these TMDCs, small variations in the shape of the density of modes near the band edges can enhance the power factor and subsequently ZT. The thermoelectric properties of the bulk and thin-film structures are calculated from Eqs. (1) - (6) and 300K are summarized in Table IV and Table V , respectively. For all materials, the few layer structures show a large increase in the values of their power factor and ZT compared to those of the bulk. 56 give a bandgap that more accurately matches known experimental values. 56 To assess whether the trends in the thermoelectric parameters predicted with the PBE functional are the same as those resulting from the HSE functional, we calculate the electronic band structure of 1L, 2L, 3L and 4L MoS 2 with both the PBE and the HSE functional and plot the results in Fig. 7 . Near the band edges, the HSE energies appear to be shifted with respect to the PBE energies. The effective masses for the HSE band structures are lower by up to 17% for the conduction band valleys at K and Σ and are lower by up to 11% for the valence band valleys at K and Γ.
To verify that the HSE functional leaves the thermoelectric trends predicted from the PBE functional unchanged, we compute the density-of-modes and thermoelectric performance of 1L, 2L and 3L MoS 2 using the HSE functional with the inclusion of spin orbit coupling. For the MoS 2 trilayer structure, the HSE (PBE) functionals give a peak n-type power factor of 0.41 (0.28) WK −2 m −2 and a peak n-type ZT of 2.4 (2.2). However, the HSE results for few-layer MoS 2 structures demonstrate the same trends in the shape of the density of modes and the same trends in the values for the power factors and ZT. Both the HSE and PBE calculations show that the turn-on of the density of modes is sharpest for the tri-layer structure resulting in maximum values for the power factor and ZT. Since the primary effect on the low energy states of the exact exchange in the HSE functional is to shift the band edges with respect to those of a PBE calculation, the trends resulting from the shape of the density of modes should be preserved. Figure 9 summarizes the values from the PBE calculations for the peak n-type and p-type ZT and power factors for each TMDC material and layer thickness. In the n-type MoSe 2 , WS 2 and WSe 2 structures, the peak power-factor and the peak ZT do not occur at the same film thickness. For example, in MoSe 2 , a single monolayer has the highest power factor, and a bilayer has the highest ZT. This can be explained by the increase in the electronic thermal conductivity, κ e as the Fermi level is moved into the conduction band. Figure 10 shows the ratio of the total thermal conductivity, κ tot , with respect to the lattice thermal conductivity, κ l , for each TMDC material. The two guide lines on each figure illustrate the reduced Fermi level position at which the maximum n-type power factor and ZT occurs. The ratio κ tot /κ l = 1 + κ e /κ l is higher at the Fermi level position where the the maximum power factor occurs. This increase in κ e explains why the peak power factor and ZT occur at different Fermi energies and film thicknesses. n-type ZT still occurs for the 3L structure and the minimum n-type ZT still occurs for the 1L structure. The trends for all of the n-type materials are preserved when a thickness dependent thermal conductivity is used. All of the values are shown in Fig. 11(b) . For the n-type materials, changes in the density of modes are the dominant factor determining the trends. For p-type MoSe 2 , WS 2 , WSe 2 , ZT varies little for different layer thicknesses when using a constant κ l as shown in Fig. 9(a) . For p-type MoS 2 , the difference between the maximum ZT of a bilayer and the second highest value of a monolayer is small. Therefore, reducing the value of κ l for a monolayer from 52 to 35.4 WM −1 K −1 is sufficient to cause the peak value of ZT to occur at monolayer thickness for all 4 p-type materials as shown in Fig. 
11(a).
In an attempt to study the transition of the thermoelectric performance from few-layer films to bulk like performance, we calculate the thermoelectric parameters for an 8L film of WS 2 . Figure 12 illustrates the density of modes and the ZT for bulk, 3L and 8L WS 2 . The n-type 0.974 ZT value of the 8L film is a factor of 1.9 smaller than that of the 4L film, but it is still a factor of 3.5 larger than that of the bulk. The p-type 0.163 ZT value of the 8L film is a factor of 4.7 smaller than that of the 4L film, and it is a factor of 2.0 larger that that of the bulk. Even at 8 monolayers, there is still an enhancement of the ZT value compared to that of the bulk, and the enhancement is larger in the n-type material.
The thermoelectric performance in the low dimensional structures is enhanced by the more abrupt step-like shape of the density of modes distribution. 34 It is clear from Eq. (4), that with E F ≤ 0, a step-function density of modes removes all negative contributions to the integrand of I 1 giving a maximum value for I 1 . The conduction band DOM distribution for the maximum and minimum ZT structures for each material are plotted in Figure 13 . In all cases, the DOM with the sharper turn-on at the band edge gives rise the the maximum value for ZT.
IV. DISCUSSION
The enhancement in the thermoelectric performance of few monolayer TMDC materials is in contrast to the enhanced thermoelectric performance observed for only a single quintuple (QL) layer of p-type Bi 2 Te 3 . Above 1 QL of Bi 2 Te 3 , the thermoelectric figure of merit approaches the bulk ZT. 16, 17 . The enhancement of ZT in n-type monolayer Bi 2 Te 3 is minimal.
This difference in the effect of layer thickness on ZT in the two different classes of materials can be explained by differences in the effect of thickness on the band-edge degeneracy and the density of modes. The valence band of monolayer Bi 2 Te 3 is a ring in k-space that covers much of the Brillouin zone as shown in Fig. 4(d) of Ref. 17 . Thus, the integration over k ⊥ in Eq. (7) jumps from zero in the band gap to a finite number at the band edge resulting in a step-function turn-on of the valence band density of modes as seen in Fig. 3 of Ref. 16 and Fig. 2 of Ref. 17 . The size of the ring in k-space quickly collapses for thicknesses above a monolayer, and the large enhancement in ZT dissappears. In a parabolic band, the band edge is a point in k-space, and, in two-dimensions, the density of modes turns on smoothly as √ E. 34 The band edge of n-type monolayer Bi 2 Te 3 remains parabolic resulting in a smooth turn-on of the density-of-modes and no significant enhancement of ZT.
The bands of the TMDC materials also remain parabolic at the band edges, however the conduction bands at the K c and the Σ c valleys become nearly degenerate for few monolayer thicknesses as shown in Fig. 1 . Since the Σ c valley is 6-fold degenerate, and the K c valley is 3-fold degenerate, this results in a near 9-fold degeneracy of the conduction band edge.
This increases the density of modes in the conduction band by a factor of 9 from that of a single valley. Furthermore, with increasing film thickness from 1L to 4L, the splitting of the Σ c bands resulting from interlayer coupling is on the order of k B T . In MoS 2 , the splitting at Σ C is 0.4 meV for the 2L and 40 meV for the 4L structure. The other materials show similar magnitudes of the energy splitting as a function of thickness. Therefore, the near-degeneracy of the bands at Σ c increases linearly with the film thickness, so that the number of modes per layer becomes relatively insensitive to the layer thickness for few monolayer thicknesses.
The interlayer coupling of the out-of-plane d z 2 and p z orbitals result in the strongest interlayer hybridization and energy level splitting. 61 In MoS 2 the orbital composition of the conduction band Σ c valley is 36% d z 2 , 22% d xy , 23% d x 2 −y 2 , 6% p z , and 5% p x and p y . 
